The analysis of environmental microplastic particles using FTIR microscopy is a challenging task, due to the very high number of individual particles within a single sample. Therefore, automatable, fast and robust approaches are highly requested. Micro particles were commonly enriched on filters, and sub-or the whole filter area was investigated, which took more than 20h and produced millions of data, which had to be evaluated. This paper presents a new approach of such filter area analysis using an intelligent algorithm to measure only those spots on a filter that would produce evaluable FTIR data. Empty spaces or IR absorbers like carbon black particles were not measured which successfully reduced the total analysis time from 50h to 7h. The presented method is based on system independent Python workflow and can easily be implemented on other FTIR systems.
Introduction
Over the last years, analysis of microplastics shifted more and more from fragments >500 mm to real micro particles with diameters <100 mm [1, 2] . In this context, microplastics were pre-separated from most matrix components [3] [4] [5] [6] and transferred onto fine filter materials [7, 8] for further analysis. Along with the decreasing size, the number of particles increased exponentially, which led to a high sample throughput task [9] . However, most established analysis methods to identify microplastics <100 mm are Fourier Transform Infrared microscopy (mFTIR) and Raman microscopy (mRaman), and both techniques conventionally analyze every particle individually [1, 9, 10] . Although single measurements are very fast, the total measurement time of a whole sample of micro particles, which are typically collected on a filter, is often greater than 20 h [11] [12] [13] [14] .
In general, there exist two approaches to analyze microplastics on filter materials, either to measure the complete filter area spot by spot [11] [12] [13] , or to measure selected points of interest [15, 16] . The first approach ensures that no particle is overseen. However, the maximum number of spots are investigated, which increases measurement time and produces big data that have to be evaluated [11, 17] . Moreover, this approach cannot be recommended without using a focal plane array detector (FPA) or an electron-multiplying charge-coupled device (EMCCD), which allow to measure multiple spots (almost) simultaneously, as otherwise measurement time will be even longer.
The second approach reduces the number of spots and measurement time significantly and does not require an FPA detector [15] . However, there is an additional time-consuming step required to define points of interest, and furthermore, there is a risk of overlooking microplastic particles. Nevertheless, this approach saves analysis time considering that commonly only 1-10 % of the whole filter material is covered by micro-sized particles [11] .
One already established technique to highlight interesting spots on filter materials is based on Nile Red that can be used as a characteristic marker for microplastics [15] . However, this approach needs special modifications to the microscope, e.g., an additional light source (450-510 nm) and an orange filter (529 nm) which lowers the practicability.
Within this report, a new alternative method to preliminarily detect microplastics with mFTIR will be presented. In contrast to the Nile Red technique, which uses an additional detection system for visible light, the main idea of the new method is to use the infrared spectrum directly to preliminarily detect microplastics. Therefore, a practical and manufacturer-independent concept will be described that uses a very fast single scan infrared spectrum (%100 ms) of a discrete spot on the sample carrier to decide almost in real time whether to start a more accurate measurement with accumulated scan repetitions for further microplastics identification or to move on to the next spot. This approach ensures that every spot is investigated but only interesting points are measured in detail by accumulated FTIR scans, which reduces total measurement time significantly without losing relevant information.
Method details

Samples & references
For method development artificial micro particle / fiber mixtures of polyethylene (PE), polypropylene (PP), polyamide (PA), polyvinyl chloride (PVC), polystyrene (PS), polyethylene terephthalate (PET), sand and algae were examined. In total, three different model samples were examined. Micro particle mixtures (Ia) and (Ib) had equal compositions to investigate the mapping repeatability, and a micro particle / fiber mixture (II) was analyzed to study microfiber detection. The detailed sample compositions can be found in Table S1 . Every sample was randomly placed on a plane and reflecting surface of a sample carrier within an area of 10 Â 10mm 2 for mFTIR analysis. In this context, the platter of a conventional hard disk was used as sample carrier due to its very precise and well-defined surface. Alternatively, any kind of plane mirror could be used for this mapping approach.
Measurement setup
All mFTIR measurements were performed in transflection mode on an IRTracer-100 IR spectrometer coupled with an AIM-9000 IR microscope from Shimadzu, which is equipped with a liquid nitrogen cooled MCT detector. In total, the analysis of an individual sample (up to 10 Â 10 mm 2 ) was divided into a regular grid of up to 40,000 spots (200 Â 200). This results in a spatial resolution of 50 Â 50 mm 2 . The spectral resolution was set to 16 cm À1 while the mirror speed was increased to 0.582 cm/s, which reduced the measurement time of a single spectrum scan down to 107 ms. For the mFTIR analysis two different measurement techniques were used. Every spot was investigated by a single scan spectrum using a continuously and temporarily saved on-line monitor feature of the FTIR microscope. Every spot that contained a micro particle was additionally measured with 20 accumulating scans and stored for further data evaluation.
Identification of microplastics
All recorded IR spectra were automatically evaluated by the modified microplastics identification algorithm (mIDENT mod ) [18, 19] . To validate the individual identification results, 500 randomly chosen spectra were evaluated by manual spectra inspection, in parallel to other studies [18, 19] .
Used software
The FTIR microscope was controlled by AIM Solution Measurement (Version 1.1.2). This software has two essential features for the presented mapping approach implemented: (1) Online FTIR Monitor allows to measure and plot FTIR single scans continuously. (2) XYZ-Stage Control allows to move the sample table of the microscope electronically via software. Both features are common for modern FTIR microscopes.
The automation of the developed mapping approach was realized by an in-house script based on Python 3.6 called mMAP that controlled the PC including the mFTIR software and evaluated the on-line IR spectra in real-time. The source code is attached to the Supporting Information and is free for use.
Development of a smart mapping approach
The main concept of the presented mapping approach is to move the sample stage of the mFTIR along a pre-defined grid within the measurement area step by step. While moving, the on-line FTIR monitor of the mFTIR software plots continuously the current FTIR spectrum of the investigated spot.
This fast updated FTIR single scan signal was evaluated in real time to decide automatically if the current position should be held to start an accumulated permanently stored mFTIR measurement for further spectra evaluation. Otherwise the sample stage was moved further, which was the case, if the current spot was not interesting, e.g., the spot was empty or showed a non-evaluable FTIR spectrum. As a consequence, the analysis time can be significantly reduced for two reasons. (1) All empty or noninteresting spots were investigated only with a single instead of 20 accumulated scans. (2) Only FTIR spectra of interesting spots were stored for further data evaluation. Mathematically, the time saving factor f can be estimated by Eq. (1).
Where t move, meas & eval are the time periods that are needed to move the sample stage to the next spot, measure the spot and evaluate the FTIR spectrum. Moreover, χ describes the degree of coverage of the sample carrier with microplastics. For the used setup t = (0.34 s, 2 s, 2 s) and χ = 0.05-0.10, the time saving factor f ranges from 8 to 6.
How to distinguish between interesting & non-interesting spots
An essential step of this work was the development of a robust and practical decision criterion that allowed to distinguish between evaluable and non-evaluable data based on a single scan mFTIR spectrum. In this context, evaluable meant to be able to perform a reference spectra library search with the mIDENT mod algorithm [19] , which compares the characteristic vibrational bands pattern of mFTIR spectra [19] . If the measured data only contained noise, the spectrum was defined as nonevaluable and no further accumulated scans were necessary. To that end, the signal-to-noise ratio (s/ n) of the spectrum was used as decision criterion. For automation, a decision criterion i was defined by
Eq. (2), which can be deduced from s/n estimations.
Where Q 90% dA=d$ n j j ð Þ describes the mean of the highest 10 % of the differentiated absorbance values within an FTIR spectrum and characterizes the signal quality. The sharper and more intense vibrational bands are, the higher the differential term will be.
To define a i threshold for evaluable data, spectra of 1000 empty spots (non-evaluable class) and 300 microplastics of PE, PP, PA, PS and PVC (evaluable class) were evaluated as described in Eq. (2). Both data sets showed significantly different means (t-Test: p < 0.05) and the threshold was defined by a type 1 error of 0.1 % according to the evaluable class. Under these conditions, 0.04 % of the nonevaluable class were wrongly assigned to the evaluable class. Respecting this definition, the i threshold was set to 0.015 for the used measurement setup. The experimental data of the threshold experiment is shown in Fig. S2 .
Real-time evaluation of the mFTIR online plot
The great challenge of the new mapping approach is a real-time evaluation of the online FTIR signal using the decision criterion presented in Eq. (2). The online FTIR spectrum had to be transferred to Python, but unfortunately, the FTIR online monitor was only stored temporarily and the numeric data was encrypted, which denied a direct data export. This is common for measurement systems of most companies and had to be overcome somehow. However, the decision whether the mFTIR spectrum of the current spot is evaluable or not does not require highest spectra precisions. Therefore, a gray scale screenshot from the online plot was taken by using the PIL.ImageGrab package for Python [20] . This image was stored as a numeric matrix B that contained brightness values (from 0 → black to 255 → white) and was transferred into data vectors that contained absorbance and wavenumber information. For this step, the position of the plotted black line was identified within the image matrix B. That was possible due to the very high contrast between the white background and black plot line. It was looked for all row indices i in every column that contained the minimum brightness value. This process is illustrated in Fig. 1 .
The row indices i were stored in a vectorĩ, which is very similar to the absorbance vector of a measured mFTIR spectrum except for the value scaling. However, ĩ was re-scaled by optical character recognition (OCR) of the x and y tick labels, which were also stored in separated matrices. By extracting these values and determining the tick positions, the step-widths Dx and Dy can be calculated by Da was used as a correction factor and the minimum tick value was added as offset. Analogously, this procedure can be used to create the wavenumber vector.
For validation, the described data extraction protocol was applied on real measured mFTIR spectra. A comparison of extracted and measured mFTIR spectra showed very good matches with a R 2 = 0:998 and RMSE = 0:04, which can be inferred from Fig. S1 .
Controlling the mFTIR via Python
The mFTIR is commonly controlled by the mFTIR software from the manufacturer. This software contains all basic operations that are needed for the new automated microplastics mapping approach (mMAP). In detail the following operations were required:
Start Measurement (Sample, Background & Online-Monitor) Move Sample Stage
A practical way to control the m FTIR via Python is given by the win32api and win32con packages [21] . These allow Python to perform keyboard or mouse inputs and start, close and switch between other software applications. That means, the m FTIR was controlled not directly but indirectly by recording and running keyboard and mouse macros by Python. To that end, two basic functions could be defined that are shown in Algorithm 1. Where x,y were pixel coordinates on screen, t was the elapsed time until releasing the mouse button and k was any key on the keyboard. Following the idea of indirect control makes the presented method easier to implement on different mFTIR systems, as there is no advanced system specific knowledge needed, how to control the mFTIR directly via Python.
Defining the sample stage moving path
The simplest and most common measurement area is given by a rectangle or square, e.g., 10 Â 10 mm 2 . For analysis, this area type was subdivided into a regular seamless grid of individual measurement spots (100 Â 100 mm 2 ). The spots were positioned with 50 % overlapping each other to handle light diffraction based intensity attenuations at the edges of each spot. Otherwise blind spots could appear with the risk of overlooking microplastics. In concrete terms, the measurement area consisted of 40,000 individual spots within 200 rows and columns with an effective spatial resolution of 50 m m. For automated mapping, the whole area was investigated row by row and column by column. If a spot showed any kind of evaluable m FTIR spectrum, an accumulated measurement was initiated. Otherwise, the sample stage moved further. Respecting these steps, the following pseudocode was defined (Algorithm 2). In this context, a time resolved process chart can be seen in Fig. S4 .
The sample stage of the used m FTIR was controlled by four direction buttons and the longer the buttons were pressed the further the sample stage was moved. A calibration experiment was performed by varying the moving time and measuring the corresponding traveled distance. Based on these data, which can be seen in Fig. S3 , the sample stage moved 50 mm in 339 ms. Therefore, the move command from Algorithm 2 can be realized by the mouse_click basic function from Algorithm 1, which is contributed in Algorithm 3.
The actual moved mean distance differed slightly from 50 mm and was 49 AE 3 mm, and therefore, we decided to store the definite sample stage positions from the mFTIR software for further corrections. In detail, the image section that contained the sample stage position was analyzed by OCR using the pytesseract package for Python [22] .
Creating a false-color image of the complete measurement area
The presented mapping approach automatically investigated a pre-defined area and measured mFTIR spectra, if any kind of evaluable mFTIR spectrum was obtained at a specific spot (Algorithm 2).
Additionally, an optical camera took images of each spot, which were stored and merged to a single photo of the whole area. This merging was also realized by Python. However, it had to be considered that the investigated spots overlapped each other, and therefore, the overlapping data from the optical images were merged with a Gaussian mixing gradient, which can be seen in Fig. 2 . The mixing gradient matrix G was defined as follows in Eq. (4).
Where thew,h are linear spaced perpendicular vectors from [À0.5 Á size of the photo : 1.5 Á size of the photo]. The merged overview photos were used as background image for false-coloring, and different colors were connected to different assigned polymers after all measured mFTIR spectra were automatically evaluated by the mIDENT mod library searching algorithm [19] . In detail, the overview images were merged photo by photo and at the end of this process an optical particle recognition algorithm based on the opencv [23] package for Python was performed, which can be seen in Fig. 3 . The black-white images from the particle recognition (Fig. 3b) were virtually subdivided into their origin tiles (Fig. 3c) . Afterwards, all stored FTIR spectra were assigned to the detected particles. The particles were re-colored based on the identification results of their assigned FTIR spectra (Fig. 3d ). If multiple spectra were linked to one particle, the most common identification result was applied first, followed by the highest Hit Quality Index. The false coloring can be obtained from Algorithm 4. Fig. 2 . The overviewing camera image of the mapped area consists of 40,000 individual overlapping photos. These were merged using a Gaussian gradient to avoid visible cutting edges.
Examination of mMAP with microplastics samples
The presented mapping approach was applied on three model samples, which consisted of diverse microplastics/matrix mixtures. According to Eq. (1) and the used parameter settings, an average time saving factor f = 7.3 for all mapping experiments could be achieved. A conventional spot by spot mapping of 40,000 spots including data evaluation would take %50 h but using the new mMAP approach reduced the analysis time down to %7 h, which increases practicability of mapping microplastics without an FPA detector significantly.
The individual results for all three mappings can be inferred from Fig. 4 and Table 1 . In this context, all detected particles were identified automatically using the mIDENT mod algorithm [19] . For validation of the used library searching algorithm, 500 randomly chosen spectra were evaluated by manual spectra inspection. In total, 98.2 % of the identification results could be confirmed. Additionally, the equivalent circle diameter (ECD) [24] (particle size parameter) and the circularity [25] (particle shape parameter) were calculated from the false color images for each particle for further morphological characterization. Fig. 3 . The individual photos were merged together, and an optical particle recognition was performed. All measured FTIR spectra were assigned to the detected particles, while each FTIR spectrum covered four tiles, due to the overlapping measurements. The false coloring of each particle was based on the most common identification results of the FTIR spectra.
The measured sample compositions from (Ia, Ib) micro particle mixtures did not differ significantly (D < 5 %), which indicates the repeatability of this new mapping approach. The equivalent circle diameters ranged from 50 to 300 mm. From Table 1 it could be inferred that the particle size distribution of polyamide was very close to its median ECD of 55 AE 10 mm, which agrees well with the manufacturer's specifications (50 AE 20 mm). For the other materials, there were no comparable data available and a particle size determination was not performed, as this was not the focus of the automated microplastics mapping approach.
The presented new method is suitable for microfiber detection as well, which can be deduced from the (II) micro particle / fiber mixture results in Table 1 . In this case, polyurethane and polyethylene micro fibers were mixed together with polyvinyl chloride micro spherules. Based on material and morphological aspects from IR spectroscopy and the optical microscope camera, there was a clear division into two groups, as expected. This can also be obtained from Fig. S5 , where circularities and equivalent circle diameters from this sample are plotted against each other.
Conclusion
The new automated microplastics mapping approach mMAP is based on Python and can easily be transferred to all kinds of FTIR microscopes that can be controlled by a personal computer. The concept of using an online fast single IR scan to decide whether to start an accumulated measurement or keep moving to the next spot is a potential tool to reduce the measurement time of a microplastics mapping experiment. All spots are investigated with a 50 % overlapped measurement window to avoid overseeing microplastics. The recommended particle sizes range between 50À300 mm. The sample stage moved only along x-and y-axis, which limits this mapping approach to flat samples. However, an automatic z-axis compensation could be implemented by using the contrast information of the optical camera combined with the online FTIR monitor. The latter would show the best signal quality, if the sample surface is located in the focus plane of the FTIR microscope. In few cases, microparticles of carbon black were measured due to unusually high distinction criteria values. Therefore, it can be considered to implement a secondary threshold value to delimit upper extreme values.
The current mMAP approach uses discrete steps for sample stage movement. However, considering the FTIR scanning time of 107 ms and the moving speed of % 400 mm/s, it should be possible to realize a continuously moving workflow, which could further increase the time saving factor up to %34, due to the elimination of the sample stage moving delay time. The time saving can be used to increase the spatial resolution. However, this would require deep modifications of the measurement system, because the sample stage moving speed and the sampling rate of the FTIR online monitor have to be customized. In this context, the sampling rate is the bottle neck, and therefore, spatial resolutions are limited to 25 mm for the mFTIR used in this study.
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